Abstract The exchange of individuals among populations can have strong effects on the dynamics and persistence of a given population. Yet, estimation of immigration rates remains one of the greatest challenges for animal demographers. Little empirical knowledge exists about the effects of immigration on population dynamics. New integrated population models fitted using Bayesian methods enable simultaneous estimation of fecundity, survival and immigration, as well as the growth rate of a population of interest. We applied this novel analytical framework to the demography of two populations of long-distance migratory birds, hoopoe Upupa epops and wryneck Jynx torquilla, in a study area in south-western Switzerland. During 2002-2010, the hoopoe population increased annually by 11%, while the wryneck population remained fairly stable. Apparent juvenile and adult survival probability was nearly identical in both species, but fecundity and immigration were slightly higher in the hoopoe. Hoopoe population growth rate was strongly correlated with juvenile survival, fecundity and immigration, while that of wrynecks strongly correlated only with immigration. This indicates that demographic components impacting the arrival of new individuals into the populations were more important for their dynamics than demographic components affecting the loss of individuals. The finding that immigration plays a crucial role in the population growth rates of these two rare species emphasizes the need for a broad rather than local perspective for population studies, and the development of wide-scale conservation actions.
Introduction
The focus of conservation is often a specific, declining population (Norris 2004) which is geographically open, i.e., subject to unknown immigration and emigration events. In species exhibiting a high dispersal capacity such as birds (Paradis et al. 1998) , there is increasing evidence that the exchange of individuals between populations has a strong impact on local population dynamics and persistence (Newton and Marquiss 1986; Ward 2005; Lampila et al. 2006; Schaub et al. 2006 Schaub et al. , 2010a .
Identification of the spatial scale at which populations are influenced is important for defining informed conservation management units and implementing appropriate action (Baillie et al. 2000; Zannèse et al. 2006; Sirami et al. 2008) . Identification of the main demographic processes involved in local population dynamics can help to identify the spatial scale at which population dynamics operate. If local reproduction has strong effects on local population Communicated by Ola Olsson.
Electronic supplementary material The online version of this article (doi:10.1007/s00442-011-2070-5) contains supplementary material, which is available to authorized users. dynamics, the spatial scale of dynamics and thus required conservation action will also be local. If local population dynamics depends more on survival, the scale depends on whether or not the species is migratory. For resident species, the scale will still be local, while in migratory species, it may extend to stopover and/or wintering sites, depending on where most of mortality occurs. Finally, when immigration is crucial for local population dynamics, conservation planning must take place at a greater than simply local scale, i.e. beyond the focal population.
A main obstacle in demographic analyses of open populations is the estimation of immigration rates. From capture-recapture data and data on fecundity, it is straightforward to estimate local recruitment based on apparent juvenile survival, as well as the probability to survive and remain in the population. Thus, all losses (death, emigration) can be specified, but only a part of the gains (i.e. local recruitment) is known; recruitment from outside of the study population cannot be directly estimated. This prevents a comprehensive assessment of the population dynamics. This difficulty is often overcome by assuming that emigration equals immigration, which renders it impossible to quantify the relative contributions of the two dispersal processes to the dynamics of the population. Other approaches have assumed that all newly identified individuals in a population are recent immigrants (Møller 2002) or that all locally born individuals can be marked (O'Hara et al. 2009 ). Due to imperfect detectability, the former assumption will be wrong in most situations: newly detected individuals might have immigrated into a study population at variable times prior to first detection. It is also unlikely that all locally-born young can be marked because usually not all breeding sites can be found. With reverse-time capture-recapture modelling, it is possible to estimate total recruitment into populations (i.e. local recruitment plus immigration), but this requires the effortintensive robust design sampling protocol for separating the two components of population dynamics (Nichols et al. 2000) . A recently developed integrated population model (Abadi et al. 2010b ) allows one to estimate immigration without requiring the robust design of data collection and without relying on the above two strong assumptions. This novel framework allows one to estimate and model all demographic components of population growth. Thus, it represents a major advance for demographic analyses, especially in conservation biology where one usually has to deal with small sample sizes.
The present study compares the local population dynamics of two long-distance migratory birds, the hoopoe Upupa epops and the wryneck Jynx torquilla, both of which have experienced major population declines over the last decades in Central Europe (Tucker and Heath 1994) . These two species share several life history characteristics: they are ground-feeding insectivores that search for prey in sparse vegetation [wryneck: ants (often Lasius sp.), Freitag 1996; hoopoe: molecrickets (Gryllotalpa gryllotalpa), Fournier and Arlettaz 2001; Arlettaz et al. 2010a; Schaub et al. 2010b] ; both are secondary cavity breeders; they overwinter in the savannahs of the Sahel belt in Africa (Glutz von Blotzheim and Bauer 1980; Reichlin et al. 2009; Bächler et al. 2010) ; finally, they start to breed in their first year of life and produce many young. Knowledge about the demography of both species is restricted to crude estimates of their life spans (4-6 years; Glutz von Blotzheim and Bauer 1980) and to the finding that adverse weather in the breeding season affects reproductive success (Geiser et al. 2008; Arlettaz et al. 2010a) .
We studied the population dynamics of hoopoes and wrynecks in the Upper Rhône valley (Valais, SW Switzerland) in the west-central Alps. The hoopoe population is isolated and has strongly increased recently (Arlettaz et al. 2010b) , while the studied wryneck population is part of a continuously distributed, larger population that seems to have remained more or less stable. Our goals were (1) to estimate the demographic rates for each species, (2) to identify the demographic rates contributing most to the variation of the local population growth rate, and finally (3) to contrast the demography of two sympatric species with different population trends. We discuss our results with respect to the spatial scale of population dynamics and the respective geographic structure (isolated, continuous). We used integrated population models fitted in the Bayesian framework to simultaneously estimate all relevant demographic parameters (apparent survival, fecundity, immigration) from our two local, open populations. We extended this model hierarchically by assuming that the annual demographic rates were the realization of a random process with a mean and a variance that we estimated, to obtain the best possible annual estimates of the demographic parameters while accounting for uncertainty due to the sampling process. To evaluate the effects of the different demographic rates on population dynamics, we correlated the annual estimates with the estimated population growth rates. This approach allows a full accounting of all components of population demography, leading to a sharper appraisal of the phenomena driving demographic trajectories, which may prove decisive for informing conservation action.
Materials and methods

Study species and study site
The hoopoe and the wryneck are two small (approx. 75 and 35 g, respectively) birds of semi-open farmland. They are on the Red List of endangered species in Switzerland (Keller et al. 2001) . Breeding takes place from April to August. Many hoopoes produce two regular broods per breeding season, while this is less frequent in wrynecks. Our main study area (62 km 2 ) is situated in the plain of the Rhône valley in the canton of Valais (SW Switzerland, 46°14 0 N, 7°22 0 E; ca 500 m a.s.l.). The area is dominated by intensive agriculture, with numerous intensive fruit tree plantations and vineyards. About 700 nest boxes were installed in small agricultural shacks between 1998 and 2001 in an attempt to restore a local hoopoe population (Arlettaz et al. 2010b) . Although the nest boxes have a large cavity size to suit hoopoes' needs, they have also been occupied by nesting wrynecks. Hoopoes depend exclusively on these nest boxes in the study area as there are virtually no other cavities of suitable size available. This is different for the wryneck that occupies smaller cavities than our nest boxes, both within and outside of the study area, e.g., in tree cavities or crevices under the roof of agricultural shacks, or in piles of wood and poles.
Demographic data
From 2002 to 2010, we collected three types of demographic data: capture-recapture data, data on fecundity and population survey data. For capture-recapture data, we ringed all nestlings in our nest boxes (ringed nestlings: sample size of hoopoe, n H = 4,124; sample size of wryneck, n W = 1,970) and all adults that we managed to catch using mist-nets, traps, or that were taken directly from nest boxes after hatching (n H = 492, n W = 621). Wrynecks react strongly to the playback song of conspecifics; hence, to increase sample size, we also tape-lured, mist-netted and ringed wrynecks during the pre-breeding season in April. Adult hoopoes were sexed in the field (n H,male = 221, n H,female = 271) based on the conspicuous uropygial gland, which is filled with a dark, predator-repelling substance in breeding females only (Martín-Vivaldi et al. 2009 ). Adult wrynecks captured between 2002 and 2008 (n W,male = 214, n W,female = 221) and a subsample of nestlings of both species from 2002 to 2008 (n H = 207; n W = 155) were sexed genetically based on blood samples. The 95% Bayesian credible intervals of the proportion of male nestlings included 0.5 in both species (hoopoe: 0.40-0.54; mean: 0.47; wryneck: 0.45-0.60; mean: 0.52), indicating no deviation from an even sex ratio. Thus, for the capturerecapture data, we assigned unsexed nestlings equally to either sex, keeping the overall annual sex-ratio at 1:1 . A total of 186 adult wrynecks were not sexed.
To obtain data on fecundity, we intensively monitored all broods in nest boxes. Both species regularly produce two broods per season, so for each female (identified by its ring number) we calculated the total number of fledglings produced in a given year (fledged nestlings of known females: hoopoe: n nestlings = 3,296 in 511 female years; wryneck: n nestlings = 1,522 in 244 female years). For the wryneck, we also included broods where the sex of the captured parent(s) was unknown (47 broods). This can be justified by the fact that partners in this species usually stay together when producing a second brood (from 14 second broods in which both mates could be captured, none had changed mates relative to the first brood). The focus on the total number of fledglings produced in a season circumvents the difficulty to estimate the frequency of second broods. Thus, our estimate of fecundity is an estimate of the total number of fledglings produced per female and season, not the number of fledglings per brood.
As a measure of population size, we relied on indices obtained from population surveys. For the hoopoes, we used the maximal annual number of simultaneous broods found in the nest boxes. For the wrynecks, nest box occupancy would not have given a reliable index of the population size because of frequent breeding outside our nest boxes. The observed declining number of broods during our study period (2002: 72; 2010: 44) could have been caused by a progressive abandonment of the nest boxes by wrynecks due to a suboptimal cavity design (Zingg et al. 2010) . Therefore, we used Bayesian, dynamic site-occupancy modelling (Royle and Kéry 2007) to estimate population trends in the local distribution at a 1-km 2 scale (Kéry et al. 2010) . We used opportunistic observations from the whole Canton of Valais stored in the information service database of the Swiss Ornithological Institute, which contains haphazard observations, and also their breeding bird survey database. From 2002 to 2010, wrynecks were recorded in 210 1-km 2 quadrats. For each quadrat, year and breeding season (16 April until 29 July), we deduced day-based detection histories containing a 1 if a wryneck had been recorded and a 0 if any other species, but no wryneck, had been recorded. Site-day units without any recorded sightings in either data base were treated as missing values (see Kéry et al. (2010) for more information). Dynamic occupancy models yield estimates of the proportion of occupied sites as a function of initial occupancy probability, site colonisation and extinction probabilities, while accounting for (and estimating) the imperfect detection of a species at an occupied site (Royle and Kéry 2007) . We used WinBUGS to fit a model with year effects in the dynamic parameters and year and quadratic seasonal effects in detection probability (for details, see Appendix 2). The annual number of occupied sites along with its posterior standard deviation was used as a population index and a measure of the observation error, respectively, in the integrated model of the wryneck.
Occupancy dynamics should represent a valid index for population trends in the wryneck provided that its breeding density is not much larger than one breeding pair per 1 km 2 . Furthermore, the larger area where the occupancy data were gathered (210 km 2 ) must provide a representative measure of population trend also for the study area. Density measures over large areas are difficult to get in wrynecks. In habitats of high quality, the density can be at least 1.48 pairs per 1 km 2 (own data from the study area), while over larger areas, including habitats of lower quality, the density is certainly lower. Thus, we assume that occupancy was a valid surrogate for abundance in our study. To assess whether occupancy dynamics is spatially synchronous, we split the occupancy data in two parts according to altitude; only the lower part includes the study area. We found that the difference in the rate of occupancy change between the two parts was small. The 95% credible intervals of the difference in occupancy rate included 0 in all years. Hence, we assumed that occupancy dynamics obtained from the complete canton was also representative for the study area.
Integrated population model
We used integrated population modelling to estimate demographic parameters (Schaub and Abadi 2011) . In this framework, the different sources of demographic information are combined into a single model, resulting in improved precision of parameter estimates, and often in the ability to estimate demographic parameters for which no explicit data have been sampled (Besbeas et al. 2002; Brooks et al. 2004; Schaub et al. 2007 Schaub et al. , 2010a Cave et al. 2009; Abadi et al. 2010a; Kéry and Schaub 2011: chapter 11) . Recently, this framework was extended to estimate immigration rate (Abadi et al. 2010b) , which makes the model particularly useful for our purpose.
Implementing integrated population models requires the formulation of the likelihoods of the different data sources (capture-recapture, population survey, and fecundity data). In brief, the likelihood of the capture-recapture data was constructed by assuming that each cohort of released individuals follows a multinomial distribution. This is the well-known Cormack-Jolly-Seber (CJS) model (Lebreton et al. 1992 ; Kéry and Schaub 2011: chapter 7). Fecundity was modelled using a Poisson likelihood, in which the number of fledglings followed a Poisson distribution with the product of fecundity and the number of breeding females as Poisson parameter.
The likelihood of population survey data is constructed using a state-space model (Besbeas et al. 2002; De Valpine and Hastings 2002) , which consists of both a state and an observation process. The state process is described by a female-based, pre-breeding matrix projection model (Caswell 2001) with two age classes. We assumed that reproduction started at 1 year of age. A deterministic version of the model can be written as a matrix projection model (Caswell 2001) , as
where N 1,t is the number of 1 year old females and N 2?,t is the number of females older than 1 year. The juvenile and adult apparent survival probabilities of a female at time t, / ju,t and / ad,t denote the probability that a female survives and does not emigrate permanently between year t and t ? 1. Fecundity at time t is denoted f t and x t is the immigration rate, defined as the number of female immigrants in year t ? 1 per breeding pair in the population in year t. Finally, s is the proportion of female fledglings. Immigration was restricted to the class of 1-year-old individuals, thus we assumed that natal dispersal occurred, but that there was no breeding dispersal. While no doubt an approximation to reality, this can be justified because natal dispersal is much stronger than breeding dispersal in most bird species (Paradis et al. 1998 ).
To account for demographic stochasticity, we used Poisson and binomial distributions to describe the dynamics of the true population size over time (Abadi et al. 2010b) . Thus, the number of 1-year-old females (N 1,t ? 1 ) in year t ? 1 is given by the sum of the number of local recruits and immigrants
where
The number of females older than 1 year (N 2?,t ? 1 ) is given by
The number of immigrants could also be modelled directly (i.e. N Im,t * Po(n t ), where n t is the expected number of immigrants). Both parameterisations of immigration (i.e. as a rate or as a number) perform similarly well (D. Fletcher and M. Schaub, unpublished data), but specification of immigration as a rate has the advantage that this rate is also a parameter in the projection matrix model. Immigration rate is estimated accurately if the other demographic rates are estimated without bias (D. Fletcher and M. Schaub, unpublished data).
The observation process describes the relationship between the observed population counts (hoopoe) or the estimated number of occupied sites (wryneck) in year t (y t ) with the true population size. For this, we assumed a logNormal distribution, i.e. log(y t ) * N [log(N 1,t ? N 2?,t ), r obs 2 ], where r obs 2 is the observation (residual) variance. In the hoopoe, the observation variance is an unknown parameter that is estimated. In the wryneck, the observation variance is a known quantity (from the dynamic occupancy model) that varies over time.
We used a hierarchical formulation of the integrated model to get the best possible annual estimates of the demographic rates that are not inflated by sampling variation. In this formulation, the annual estimates are thought to originate from a random process with a common mean and a constant temporal variance. For the logit of apparent survival probabilities, we assumed
where b 0 is the mean annual survival on the logit scale and r / 2 is the temporal variance of apparent survival on the logit scale. For the log of fecundity and immigration rate, we assumed
Again, a 0 and c 0 are the mean fecundity and immigration rates, respectively, on a log scale, and r f 2 and r x 2 the temporal variances of fecundity and immigration, respectively, on the log scale.
Assuming independence between the different datasets, the joint likelihood of the integrated model is obtained by multiplying the likelihoods of the different data sources (Besbeas et al. 2002; Brooks et al. 2004) . A detailed description of the likelihood of the integrated population model used here is given by Abadi et al. (2010b) . One concern in implementing the integrated population model is the assumption of independence, because individuals may appear in more than one dataset. However, a recent simulation study using the same data types as used here suggests that ignoring such a dependence only results in a slight inflation of the precision of the parameter estimates (Abadi et al. 2010a) . Furthermore, the degree of nonindependence is likely very weak in the wrynecks because the population survey covered a larger area and thus different individuals than the main study area where demographic data were collected.
The likelihood of the capture-recapture data of the males was constructed in the same way as that for the females. However, it was not part of the joint likelihood, unless the sexes were constrained to have identical parameters (see below).
We used the Bayesian approach to inference and Markov chain Monte Carlo (MCMC) simulation for parameter estimation (Gilks et al. 1996) . This approach required defining prior distributions for all model parameters. We specified informative priors for the proportion of female nestlings (s), based on the sex determination in a subset of nestlings. We used the beta distribution with parameters a and b [b(a, b)], where a is the number of female and b the number of male nestlings that were genetically sexed. For all other parameters, we chose priors intended to be vague, i.e. to contain little information, so that the inference was dominated by the information in the data. See Appendix S1 (Supplementary Material) for the precise specification of the priors for all parameters. Some experimentation with different prior choices suggested they had virtually no impact on the parameter estimates, indicating that the inferences were determined by the information in the data.
We assessed the convergence of the MCMC simulations to the posterior distribution using the convergence diagnostic (R) (Brooks and Gelman 1998) . TheR values were \1.02 for all parameters after running three parallel chains of length 30,000 and discarding the first 20,000 as burn-in, which suggested the chains had converged. We finally ran one single chain for 1,100,000 iterations, discarded the first 100,000, and thinned such that every 100th observation was retained for parameter estimation. All analyses were conducted in WinBUGS (Lunn et al. 2000) , run from R 2.9.1 (R Development Core Team 2009) via the R2Win-BUGS package (Sturtz et al. 2005 ). R and WinBUGS code and data are available in Appendix S1 (Supplementary Material).
We aimed for inference based on a simple model. We considered in the models random temporal variation of all demographic parameters, because this variability was a crucial component for our inferences. However, we were not sure whether apparent survival also differed between sexes and whether recapture probability differed between sexes and was time-dependent or constant. For model selection, there is a Bayesian equivalent of AIC, the deviance information criterion (DIC; Spiegelhalter et al. 2002) . However, there are doubts over the applicability of DIC for hierarchical models (Millar 2009 ). Therefore, we performed model selection using the capture-recapture data only for the CJS model and under consideration of fixed instead of random temporal effects. We compared 16 different models that included or excluded sex effects in apparent survival as well as sex and time effects in recapture probabilities. Sex of wrynecks was unknown for all individuals captured since 2009, hence we tested for a sex effect using the data up to 2008 (see Appendix S2, Supplementary Material). We used then the same structure for recapture and survival as in the DIC best model for estimating demographic rates with the integrated population model.
There is no goodness-of-fit test developed yet for integrated population models. For a partial fit assessment, we performed a goodness-of-fit test for the CJS model using chi-squared decompositions in the software U-CARE (Choquet et al. 2009 ). These tests did not indicate any lack of fit for either species (hoopoe: v 35 2 = 35.23, P = 0.46; wryneck: v 16 2 = 13.81, P = 0.61).
Assessing the impact of demography on dynamics
We correlated the estimated annual population growth rates with each of the demographic rates. The strength of this correlation provides an indication of the strength of the contribution of the temporal variation of one demographic parameter to the temporal variation in population growth (Robinson et al. 2004; Freeman et al. 2007 ) during the study period. To do so, we computed the posterior distributions of the correlations coefficients. Since most of these posterior distributions were very skewed, we used the mode to describe them (instead of posterior means as for the other parameters). We also calculated the probability that the correlation coefficients were positive.
Results
Temporal patterns in demographic rates and test for sex effects
Model selection for the capture-recapture component suggested that apparent survival in hoopoes was best modelled without a sex effect, but that recapture probabilities contained a sex effect and an additive year effect (Appendix S3, Table S1 , Supplementary Material). In contrast, in wrynecks, there was no evidence for sex-specific differences in apparent survival or recapture probabilities (Appendix S3, Table S2 , Supplementary Material).
The estimates of the demographic parameters under the integrated population models show that the demography of the two species was surprisingly similar, with a slightly higher productivity (?5%) and a higher immigration rate (?18%) for hoopoes, compared with wrynecks (Table 1) .
Population growth in hoopoes was clearly positive (population growth rate: 1.11, 95% credible intervals: 1.05-1.14), while that of the wryneck was very close to 1 (0.99, 0.95-1.02). The population growth rates varied strongly among years ( Fig. 1) . While the hoopoe population strongly increased from 2002 to 2005 (k [ 1) and then remained fairly stable (k * 1), the wryneck population fluctuated during the entire study period. The temporal pattern of demographic rates showed a decline in hoopoe fecundity and wryneck adult survival during the course of the study, but no obvious trends in the other rates (Fig. 1) .
Correlations of demographic rates with population growth rate
The modes of the correlation coefficients of all demographic rates with the population growth rate were positive in the hoopoe. Juvenile apparent survival and fecundity had higher correlation coefficients than immigration and adult apparent survival (Fig. 2) . Based on the posterior distributions of the correlation parameters, we could be 0.99 certain that there was a positive association between growth rate and juvenile survival and fecundity, compared to a [0.8 probability for immigration and a [0.7 probability for adult survival. In the wryneck, immigration was positively correlated with the population growth rate, while the correlations of apparent juvenile and adult survival with population growth were weaker and that of fecundity with population growth close to zero (Fig. 2) . The probability of a positive correlation was [0.9 for immigration, [0.7 for juvenile survival and [0.5 for adult survival and fecundity. The probabilities that the correlation coefficients between growth rate and vital rates were higher in hoopoes than in wrynecks were 0.85, 0.53, 0.93 and 0.29 for juvenile survival, adult survival, fecundity and immigration, respectively. This shows that the contributions of fecundity and juvenile survival to population growth were more likely to differ between the two species than the contributions of immigration and adult survival. 
Discussion
We conducted a comprehensive demographic assessment of the population dynamics of two sympatric long-distance migrant bird species: hoopoe and wryneck. Our study showed that the two species were very similar in terms of the mean demographic rates, but suggested that the driving forces in their population dynamics were different. The observed population fluctuations in the hoopoe were most strongly correlated with variation in fecundity and juvenile survival, and there was also an important contribution of immigration. In contrast, wryneck population dynamics was likely to be a result of variation in immigration. The correlations of population growth with fecundity and with juvenile survival were likely different between species, with the hoopoe having stronger correlations. Integrated population models can achieve a detailed accounting of all demographic components underlying the dynamics of a population. This includes one of the most elusive demographic component, immigration, which is hard to estimate reliably. The price to be paid is the relatively low precision in the estimation of immigration. Our model assumes that all immigrants are 1-year-old birds. This is not a strong assumption: apparent survival and fecundity of 1-year-old birds and older birds did not differ, and the immigration rate would be the same had we assumed that all immigrants were older than 1 year. Hence, the assumption appears to have an effect on the inference, but not on the estimate itself. The reliance on a hierarchical formulation for annual rates allowed us to estimate the temporal variance of the demographic rates, and to get better estimates of the annual demographic rates (Gelman and Hill 2007). Using a hierarchical model, the estimated annual parameters are shrunken towards the mean, and the degree of shrinkage depends on the precision (Burnham and White 2002) . This is a desirable property, as the impact of uncertain parameters is reduced. The hierarchical model is more parsimonious compared to a model where for each year an independent parameter is estimated; nevertheless, the estimates of temporal variability and of the immigration rate in particular were not very precise. The method applied here would yield more precise results with longer study duration.
In hoopoes, variation of apparent juvenile survival was an important driver for the local population dynamics. This result is in line with population dynamics studies of birds (e.g. Reid et al. 2004; Robinson et al. 2004; Ezard et al. 2006; Baillie et al. 2008; Sim et al. 2011 ) and mammals (Gaillard et al. 2000) that found a significant contribution of the variation of juvenile survival to the variation of population growth. Apparent survival is composed of true survival and fidelity to the study population, so the variation of either true survival and/or natal dispersal might be the real driving force. Robinson et al. (2004) decomposed juvenile survival temporally and found that survival from fledgling until autumn (post-fledgling survival) was the most important phase. This might also apply to hoopoes and wrynecks. However, our data so far neither enable such a temporal decomposition nor a separation of true survival and dispersal.
Immigrants are individuals breeding in the study population but that were born outside it. Depending on the location of other populations with respect to the study population, immigrants may originate from far away, from nearby or even from within the study area. Our hoopoe population is very isolated; the next known hoopoe populations of comparable sizes are 250-350 km away (Trento, Italy; Kaiserstuhl, Germany; see Arlettaz et al. 2010b) . In between, there are only scattered breeding pairs (canton of Vaud, Switzerland; Valle d'Aosta, Italy). Furthermore, we are confident that we know the Valais breeding population very well and essentially exhaustively, because hoopoes occupy almost exclusively nest boxes, which we have systematically monitored for many years (Arlettaz et al. 2010b) . Thus, in the hoopoe, immigrants are most likely individuals born in populations many kilometres away from our study population. The origin of these immigrants remains unknown, as analyses of stable isotopes in feathers have found no distinctive signature in isotopic values of local birds versus possible immigrants (Reichlin et al., unpublished data) . The situation is different for wrynecks because they also breed in cavities other than our nest boxes and because our study population is part of a larger population. For this species, immigrants are therefore not only individuals originating from another population but may include individuals born within the same local population (Reichlin et al. 2010) . Consequently, the interpretation of the immigration rate of the wrynecks is different from that for the hoopoes.
The population growth rates of both species would be low in the absence of immigration (hoopoe: 0.83; wryneck: 0.74). These values well below 1 suggest that both populations are not self-sustainable and represent sinks. However, true juvenile survival is probably higher than estimated here (hoopoe: 0.09-0.17; wryneck: 0.10-0.13), i.e. closer to what is observed in birds of similar body size (about 0.2; Siriwardena et al. 1998 ). This may indicate that a large fraction of our juveniles emigrate from the local populations. The proportion of emigrants can roughly be estimated under a simplistic scenario where (1) no adults settle outside a local population (Greenwood and Harvey 1982) , i.e. the observed apparent adult survival were the true survival (0.38 in both species); and (2) immigration is absent. Under these assumptions, population growth rate would be a mere function of adult survival plus fecundity multiplied by juvenile survival. The latter is the only unknown parameter in the equation and can be computed. Under this hypothetical scenario, juvenile survival would have to be 0.22 and 0.20 for hoopoes and wrynecks, respectively, to yield the actual, observed population growth rates (Table 1 ). This would result in an emigration probability of juveniles of 0.46 in hoopoes (1-0.12/0.22) and 0.42 in wrynecks (1-0.11/0.20). Although true emigration rates cannot be assessed definitely, the hoopoe and wryneck populations appear thus to be part of an openrecruitment system, in which an important part of the recruited breeding birds were not produced locally, while the local populations export young individuals. For hoopoes, this system may extend over a very large area, while for the wryneck, the spatial extent is uncertain. Openrecruitment systems seem to be frequent in spatially structured bird populations (Newton and Marquiss 1986; Stacey and Taper 1992; Lambrechts et al. 1999; Baillie et al. 2000; Murphy 2001; Franklin et al. 2004; Schaub et al. 2006 Schaub et al. , 2010a . Assessing whether the systems have the characteristics of sink-source dynamics (Dias 1996) or of balanced dispersal (McPeek and Holt 1992) would require detailed knowledge of the demographic performance of several populations, which remains a real logistic challenge for field research (Doncaster et al. 1997) .
The variation of fecundity contributed strongly to the variation of the population growth in the hoopoes. At the beginning of the study period, when the population size was smaller, fecundity was higher, and then progressively declined with increasing population size (Fig. 1) . Thus, part of the strong correlation between fecundity and population growth might be explained by density-dependence. By contrast, fecundity in wrynecks hardly contributed to their population dynamics. This is somewhat unexpected, because fecundity is a part of recruitment, to which populations of short-lived species should be particularly sensitive (Saether and Bakke 2000) . Breeding success in wrynecks is less affected by adverse weather than in hoopoes (Geiser et al. 2008; Arlettaz et al. 2010a ), resulting in lower temporal variability of fecundity in wryneck. This may be an explanation for why the variation of population growth rate in wrynecks is less affected by the variation of fecundity than in hoopoes. Another possible explanation is that population density of wrynecks remained relatively stable. However, the observation that variation of population growth rate is little affected by the variation of fecundity does not mean that local reproduction of wrynecks is unimportant. The locally produced young that emigrate from the local population are the immigrants to other populations, which may be a crucial component for their dynamics. Thus, local reproduction is important to stabilise the system of spatially structured populations, but not so much for the individual population (Baillie et al. 2000; Schaub et al. 2006) .
The variation of adult survival contributed little in either species to the variation of population growth. Adult survival is often an important component of population dynamics only in longer-lived species (Saether and Bakke 2000; Schaub et al. 2006; Schorcht et al. 2009 ); thus, it was expected a priori that adult survival in the short-lived hoopoe and wryneck are not crucial for the local population dynamics.
The dynamics of many bird populations are synchronised across large spatial scales (e.g. Paradis et al. 2000; Jones et al. 2007; Saether et al. 2007) , implying that population regulation operates beyond the local scale. Theoretical models suggest spatial correlation of the environment and dispersal to be the main reasons for population synchrony (Lande et al. 1999) , and much empirical evidence suggests the former mechanism (Schaub et al. 2005; Saether et al. 2007 ). Our demographic analysis shows that immigration and apparent juvenile survival were important drivers of local population dynamics, and thus there is the potential of larger scale population synchrony due to dispersal. Indeed, population trends of both species are known to be synchronised across different countries (Glutz von Blotzheim and Bauer 1980; but see Arlettaz et al. 2010b) . Because the regulation of both studied populations also probably operates beyond the study area, conservation management must be planned on a wider spatial scale. For the hoopoe, the scale of management extends over several hundreds of kilometres. The situation of the wryneck is less clear and requires further study.
Our study establishes that the population dynamics of two endangered sympatric species exhibiting similar life histories was strongly dependent on demographic components affecting the number of new individuals entering the population (in situ recruitment and immigration) rather than on components affecting the number of individuals lost. The hoopoe population, which was locally on the brink of extinction before the start of our study, has been rapidly recovering after the installation of hundreds of nestboxes since 1998 which increased the number of breeding sites that locally were the most limiting factor (Fournier and Arlettaz 2001; Arlettaz et al. 2010b) . The strong population increase was facilitated by high immigration from pre-existing population reservoirs of unknown geographic location and by high local fecundity. In contrast, the wryneck population seems to have remained relatively stable, with an immigration rate possibly typical of saturated populations. Effective conservation of such geographically structured populations thus necessitates maintaining and/or restoring habitat of suitable quality within and beyond the focal population.
